ABSTRACT: Black marls form very extensive outcrops in the Alps and constitute some of the most eroded terrains, thus causing major problems of sedimentation in artificial storage systems (e.g. reservoirs) and river systems. In the experimental catchments near Draix (France), soil erosion rates have been measured in the past at the plot scale through a detailed monitoring of surface elevation changes and at the catchment scale through continuous monitoring of sediment yield in traps at basin outlets. More recently, erosion rates have been determined by means of dendrogeomorphic techniques in three monitored catchments of the Draix basin. A total of 48 exposed roots of Scots pine have been sampled and anatomical variations in annual growth rings resulting from denudation analysed. At the plot scale, average medium-term soil erosion rates derived from exposed roots vary between 1·8 and 13·8 mm yr −1 (average: 5·9 mm yr −1 ) and values are significantly correlated with slope angle. The dendrogeomorphic record of point-scale soil erosion rates matches very well with soil erosion rates measured in the Draix basins. Based on the point-scale measurements and dendrogeomorphic results obtained at the point scale, a linear regression model involving slope angle was derived and coupled to high-resolution slope maps obtained from a LiDAR-generated digital elevation model so as to generate high-resolution soil erosion maps. The resulting regression model is statistically significant and average soil erosion rates obtained from the areal erosion map (5·8, 5·2 and 6·2 mm yr −1 for the Roubine, Moulin and Laval catchments, respectively) prove to be well in concert with average annual erosion rates measured in traps at the outlet of these catchments since 1985 (6·3, 4·1 and 6·4 mm yr −1 ). This contribution demonstrates that dendrogeomorphic analyses of roots clearly have significant potential and that they are a powerful tool for the quantification and mapping of soil erosion rates in areas where measurements of past erosion is lacking.
Introduction
Marly lithologies are well known for their high vulnerability to erosion processes, particularly in the Mediterranean environments of Spain (e.g. Sirvent et al., 1997; Bouma and Imeson, 2000) , Italy (e.g. Clarke and Rendell, 2010) , Morocco (e.g. Tribak et al., 2009) , and Israel (e.g. Kuhn and Yair, 2004) . In the Durance basin located in the southern French Alps, erosion in marly badlands is enhanced by the nature of the Mediterranean climate (Lasanta et al., 2001) , the sparse vegetation cover and highly erodible lithology (Descroix and Olivry, 2002) , resulting in erosion rates of up to 10 mm yr −1 (Walling, 1988; Delannoy and Rovéra, 1996) . One of the consequences of enhanced erosion is high sediment yield at the outlet of catchments Mathys and Poesen, 2005) and an increased silting of reservoirs (Verstraeten et al., 2006) . This silting results in a considerable deterioration of all functions of storage lakes (such as hydro-electricity, irrigation) and, consequently, in reduced useful lifetimes of dams. Furthermore, high sediment yields can have severe impacts on the fluvial ecosystems (Verstraeten et al., 2006) . A large number of erosion studies has been carried out in the Durance basin to quantify sediment yield and the effect of restoration strategies (see Descroix and Mathys, 2003 , for a detailed review). Methodological devices used for the measurement of soil losses can be divided into two groups: those that measure soil loss in situ and those that quantify erosion at the outlet of a plot or a catchment (Descroix and Mathys, 2003) . As an alternative to these traditional methods, temporally and spatially distributed data may also be inferred from the identification and analyses of bio-markers such as dendrogeomorphic techniques so as to expand the series of quantitative data to decadal or even centennial time scales. Exposed roots have been used in dendrogeomorphology since the 1960s (Stoffel and Bollschweiler, 2008) and erosion rates were directly inferred from (i) the position of the root axis, considered as a fixed spatial reference relative to the current ground surface; (ii) the year of exposure determined through the study of changes in the ring-growth pattern (e.g. LaMarche, 1968) and, more recently, in the anatomical structure of the root (e.g. Corona et al., 2011) .
In this study, multi-decadal erosion rates at the plot scale were obtained from exposed Scots pine (Pinus sylvestris L.) roots. They were coupled with highly-resolved terrain information in the Draix experimental catchments. The objectives were: (i) to create quantitative areal erosion maps based on dendrogeomorphic results; (ii) to evaluate the representativeness, reliability and accuracy of these measurements at the catchment scale through a comparison of reconstructed erosion rates with trap sedimentation data gathered at the outlet of the basins.
Study Site
Fieldwork was carried out in the Draix experimental catchment basins ( Figure 1a ) located in the southern French Alps near the town of Digne-les-Bains (44°08′N, 6°20′E) where four basins have been monitored continuously since 1982 and where data exists on rainfall, liquid discharge, solid transport and sediment yield at the basins' outlet. The four basins have different surface areas ranging from 0·13 to 100 ha (Table I) . Three of the sites (i.e. Roubine, Moulin and Laval catchments) are situated in denuded areas with vegetation cover ranging from 21% to 56%. The fourth site (Brusquet) has not been analysed in the present study as it has been reforested at the end of the nineteenth century within the frame of restoration works and therefore has 87% of its surface area covered with Pinus sylvestris. The basins analysed are developed on Jurassic marine black marls belonging to Bajocian, Bathonian and Callovo-Oxfordian units and are characterized by dense layering. These formations are capped by fairly resistant limestone lithologies controlling topography and forming elongated monoclinal ridges with elevations reaching up to 2000 m above sea level (a.s.l.) (Oostwoud Wijdenes and Ergenzinger, 1998) . The marly formations at Draix are very sensitive to weathering and erosion (Antoine et al., 1995) which has resulted in characteristic badlands morphology with V-shaped gullies.
The Roubine basin (0·13 ha) is dominated by a steep gully with slope gradients in the main channel >35%; it can be considered an elementary unit to observe erosion phenomena. The Moulin basin (8 ha) is an intermediate scale basin with a small channel network and a length of the main channel of 300 m. The Laval basin (86 ha) is composed of several subcatchments draining into a main channel about 1 km in length.
Climate in the region is of the Mediterranean type with mean annual rainfall of 900 mm, an average of 200 days without rain and only five days with rainfall depths >30 mm. Summers are generally dry with occasional storms. Precipitation maxima and runoff peaks occur in spring (AprilMay) and autumn (September-October, Richard and Mathys, 1999) . Mean annual temperature is 9·8°C with warm summers (+28°C in July) and mild winters but an average of 115 freezethaw cycles has been recorded during experiments between November and April (Rovéra and Robert, 2005) . Snow is not unusual but does not form a semi-permanent cover.
Local studies on weathering processes and regolith dynamics show that the alternation of freeze-thaw and wetting-drying cycles represents the main triggers of regolith development and weathering (Antoine et al., 1995) in the Durance basin. The actual evolution of badland surfaces is clearly related to regolith moisture and temperature and differs between seasons and slope exposure, thus resulting in cyclical variations in physical regolith conditions. At the end of each winter, a loose detrital layer of locally produced clasts or colluvial material, 5-10 cm in thickness, usually covers the fragmented regolith (10-50 cm) laying on the marly bedrock (Maquaire et al., 2002) and rills formed in the previous year have mostly disappeared. In the absence of runoff in winter, marl platelets will have fallen due to gravity and frost creep and accumulated at the bottom of the slopes, ready to be eroded by the first runoff event (Rovéra et al., 1999) . In addition, saturation of the weathered layer by melting snow may cause solifluxion processes on gentle slopes in spring and generate small landslides and mudflows on steeper segments of the basins (Corona et al., 2002; Rovéra and Robert, 2005) . As a consequence, the first major precipitation events in spring will usually result in flood runoff with high sediment load. In summer and early autumn, in contrast, severe storms are likely to mobilize sediments through concentrated runoff on the slopes. Similar observations were made by Regüés and Gallart (2004) for the Vallcebre basin (Spanish Pyrenees), where badland dynamics were determined by thermal and hydric periods as well: the thermal period caused the formation of regolith and sediment stocking, whereas the hydric period resulted in its erosion and runoff.
These combined processes maintain bare slopes with vegetation being generally restricted to interfluves and more stable slopes, Tree species occurring in the experimental basins are limited mostly to Pinus sylvestris and Austrian black pine (P. nigra Arn. ssp. nigra) and almost all trees show the typical stress symptoms and partial exposure of lateral roots (Figure 1b and 1c).
Methods

Sampling strategy and tree-ring analysis
Within this study, 48 roots from 27 different Pinus sylvestris trees were taken on interfluve slopes (0-15°) and on gully slopes (15°-45°, Table I ). Roots were sampled at a distance >50 cm from the stem to avoid possible stem-related mechanical effects on increment growth. Before cutting, the position of the exposed roots was documented in detail and data recorded on topography, altitude, aspect, root distance from tree trunk, hillside slope and slope of the specific root location. The distance from the top of the root to the ground level was measured using a 50 mm −1 resolution depth gauge. All samples chosen for analysis were still living and the root tips anchored in the soil. Root samples were then cut with a handsaw into cross-sections about 2 cm thick ( Figure 2a ).
In the laboratory, the root sections were first prepared for macroscopic analysis (Bodoque et al., 2005) and aged. As only living roots were sampled, the last growth ring corresponded to the year in which sampling took place. Dating accuracy was improved by counting growth rings on four different radii per cross-section so as to minimize the risk of misdating through the presence of false, wedging or missing rings.
In a subsequent step, cross-sections were photographed with a digital imaging system under optical microscopy ( Figure 2b ) and pictures analysed using the semi-automated WinCell 2009a software to quantitatively assess anatomical variations ( Figure 2c ) such as cell-size distribution of earlywood tracheids. Following Rubiales et al. (2008) and Corona et al. (In press) , changes in tracheid cell size were determined by randomly measuring the cell lumen area of 12 tracheids per growth ring.
Quantification of erosion rates by means of exposed roots
For a highly-resolved assessment and accurate quantification of erosion rates (E ra ), the thickness of the eroded soil layer (E r ) and the time elapsed since exposure (NRex) need to be determined ( Figure 3 ). In the case of continuous and progressive denudation as is the case on marly slopes, it has recently been demonstrated that a reduction of tracheid cell lumen area starts to occur as soon as the soil mantle covering the buried root is reduced to 3 cm (Corona et al., In press ). For the assessment of the depth of the eroded layer (E x ), this 30 mm bias (ε) was subtracted from the height of the exposed root as measured in the field. Root-soil values measured in the field were also corrected to integrate the relative vertical uplift of the root axis related to the subsequent growth on both sides of the root after exposure (Gr1, Gr2; Corona et al., In press) as follows: This equation assumes that the axial growth pressure exerted by the root is lower than the mechanical impedance of the soil, i.e. its reaction to deformation by the root. The value of E r is finally divided by the number of rings since the year of exposure (NRex) to quantify annual erosion rates:
Mapping erosion rates using slope maps derived from LiDAR data Light detection and ranging (LiDAR) refers to the use of a laser scanner to develop high-resolution topographic data over large areas (James et al., 2007) . In badlands regions, LiDAR daa have been used in the past to extract thalweg networks (Thommeret et al., 2010) or to derive erosion rates (Puech et al., 2009; Evans and Lindsay, 2010) . In this study, LiDAR data acquisition was performed in April 2007 by Sintégra (Meylan, France) using an airborne RIEGL© LMS-Q560 laser scanner. The flight height was~600 m resulting in a footprint size of about 0·25 m. The point density was about 5 points m −2 (Bretar et al., 2009) . Erosion rates at the catchment scale were determined from high-resolution erosion maps and computed with (i) a linear regression model (ErS) involving slope (S ) and dendrogeomorphic erosion rates (E ra ) as well as (ii) high-resolution slope maps derived from a LiDAR-generated digital elevation model (DEM) using ArcGIS Geostatistical Analyst (ESRI Corp.). The average erosion rates computed from these maps were then 
Results and Discussion
Anatomical changes in exposed roots By way of example, Figure 2d shows the wood structure of exposed Pinus sylvestris root R100C for the period 1955-2007. Before 1972, the anatomical structure of this root sample is characterized by thin cell walls and large cell lumens in earlywood tracheids. From 1973 onwards, however, growth rings exhibit a stem-like wood structure, with cell lumen areas in earlywood being reduced to~50% and very distinct latewood tracheids becoming apparent in the root-ring series. Such abrupt cell-size reductions typically occur when a root is located in the detrital layer and at a vertical depth of −30 mm below the soil surface. Comparable cell-size reductions were observed at different times in the past in all roots selected for analysis, indicating that all samples suffered from soil denudation and subsequent exposure between 1965 and 2004 (mean year of reaction: 1989; Table I ).
The physiological interpretation of these anatomical changes can be related to the response of the coniferous vascular systems to the stress that arises due to the reduced thickness of the soil layer covering the root. At the study site, soils close to surface level are composed of very porous and loose detrital layer mainly composed of angular marl fragments contained in a silty matrix and with c-and b-axes <3 cm (Oostwoud Wijdenes and Ergenzinger, 1998; Maquaire et al., 2002) . Roots located in these detrital layers are exposed to a larger thermal amplitude, enhanced oscillations and thus greater thermal stress. In August 2006, for instance, temperature maxima logged with a meteorological station in the Moulin Basin (Figure 4a ) recorded up to 28·4°C at −24 cm depth, 32·2°C at −12 cm, 36·4°C at −6 cm and 57·6°C at −1 cm. Temperature ranges were respectively 8°C, 13·9°C, 20·1°C and 47·7°C. Similarly, in March 2006 (Figure 4b ), temperature ranges were respectively 8·4°C at −24 cm depth, 13°C at −12 cm, 18°C at −6 cm and 49°C at −1 cm. At the same time, a total of 12 freeze-thaw cycles is recorded at −1 cm while such cycles are absent below this depth. Decreasing numbers of freeze-thaw cycles with depth are reported by Rovéra and Robert (2005) for the contiguous Bouinenc catchment where 23 freeze-thaw cycles were measured at a depth of −10 cm in the fragmented regolith, 61 cycles at −5 cm and 92 cycles in the loose detrital cover at −1 cm during winter 2000-2001. In the detrital cover, roots are also exposed to higher moisture oscillations and water stress. The hourly soil moisture contents were measured at Moulin basin, on a south-facing slope, using Time Domain Reflectometry (TDR) probes. These probes are reported, for March and August 2006, in Figures 4c and 4d . In the marly bedrock (−30 cm), soil moisture exhibits slight oscillations with respective standard deviations of 0·88 and 1·85% for both months. In the loose detrital layer (−5 cm), in contrast, standard deviations are much higher (2·76% in March, 4·61% in August) and thus reveal higher moisture oscillations. Except for the aftermath of precipitation events, the hydric stress is clearly stronger and the mean soil moisture remains lower as soon as a root approaches the soil surface. In this respect, the reduction of cell lumen area of earlywood tracheids of roots located in the loose detrital layers close to the soil surface has to be seen as a response of the vascular system of Pinus sylvestris to thermal and hydric stresses (Antonova and Stasova, 1993). Erosion rates determined at the plot scale
The height of the exposed part of roots after correction for growth after exposure and bias adjustment (i.e. ε = 30 mm) ranges between 42 and 266 mm. The year of exposure varies between 1965 and 2004 enabling the computation of multidecadal erosion rates, with E ra ranging between 1·8 and 13·8 mm yr −1 (average: 5·9 ± 2·6 mm yr −1 ). These erosion rates agree with data from several erosion studies conducted in the southern French Alps using denudation measurement devices, especially stakes driven into the soil between 1998 and 2000. For instance, Robert (2000) measured erosion rates of 7 mm yr −1 in the Draix catchments, Rovéra et al. (1999) assessed erosion rates of 3-10 mm yr −1 (1995) (1996) (1997) in the Saignon catchment (southern French Alps), Descroix (1994) and Descroix and Olivry (2002) obtained erosion rates of 4-17 mm yr −1 at six study sites in the Baronnies, Diois and Préalpes de Digne regions and measurement periods ranging from one to six years, Bufalo (1989) measured soil loss on bare marls in small catchments of 11·5 mm yr −1 between 1985 and 1988, and Lecompte et al. (1998) reported mean erosion rates of 7-8 mm for two catchments in the upper Méouge river basin (1990) (1991) (1992) (1993) (1994) (1995) .
On interfluves, erosion rates range from 2·8 to 5·2 mm yr −1
(mean: 4·1 ± 1·5 mm yr −1 ) whereas on gully slopes, values vary between 2·2 and 13·8 mm yr −1 (mean: 6·3 ± 2·7 mm yr
). Figure 5 displays average erosion rates obtained for 10°slope in the class 0-10°to 8·7 mm yr −1 in the class >40°. Based on these results, a linear regression model E r involving slope and erosion rate was derived as follows:
where E r is the erosion rate measured in mm yr −1 , and S is the slope in degrees. The coefficient of determination (R 2 ) for this model is 0·42, significant at the 0·05 level, and the root mean square error (RMSE) amounts to 2·1 mm yr −1 The regression model E r clearly confirms the relationship between erosion rates and slope angle as demonstrated by several other studies (see Descroix and Olivry, 2002 , for a review). On very steep bare slopes (>45°), the regression model underestimates erosion rates, but these slopes account for a relatively small proportion of the catchment areas (<10%). As only roots located on bare slopes were sampled, it seems possible that the strong variability observed for slope classes <45°may result from (i) the dip and structural configuration of the outcrop (Rovéra et al., 1999; Descroix and Mathys, 2003) as erosion rates may be up to three times higher when slope and dip are approximately perpendicular than when they are almost parallel to the exposure of the site (Descroix and Olivry, 2002) . However, (ii) exposure of the slope could also influence erosion rates as northern slopes are affected two to four times as much as southern slopes. The higher weathering and subsequent erosion rates on north-facing slopes were related to freeze-thaw and observed in the experimental basins of Draix (Descroix and Mathys, 2003) but also in the Spanish Pyrenees (Regüés and Gallart, 2004) . Conversely, in the semi-arid badlands of Tabernas (southern Spain) or Basilicata (southern Italy), the influence of slope aspect on weathering and subsequent erosion rates can not be differentiated so clearly (Regüés and Gallart, 2004; Clarke and Rendell, 2006) . Erosion rates determined at the catchment scale
The average point spacing of airborne LiDAR scanning data at the study site is in the order of 0·25 m with a cell resolution of the DEM of 0·5 m. The erosion maps resulting from the combination of the linear model with the DEM-generated slope maps are given in Figure 6 and point to erosion rates ranging from 3 to 10·5 mm yr
. The mean erosion rates computed for the Roubine, Moulin and Laval catchments are respectively 5·8, 5·2 and 6·2 mm yr −1 (Table II) . These values agree with the mean annual erosion rates measured at the outlet of the experimental catchments since 1985 where values of 6·3 ± 2·5, 4·1 ± 2·5, and 6.4 ± 1·6 mm yr −1 , respectively, have been obtained for the area devoid of continuous vegetation in the Roubine, Moulin and Laval catchments (Mathys et al., 1996; , Mathys, 2006 . The discrepancies between the two approaches may be explained by the fact that (i) the coarse material from slopes and gullies undergoes deposition, scouring and transport in the Moulin and Laval catchments whereas ablation on slopes is the dominant process in the Roubine catchment (Mathys and Klotz, 2008) . In this sense, 85% of the material (in weight) is on average stocked during floods in the traps of the Roubine catchment while only 40% is deposited in the Laval trap. The proportion of coarse material is about 42% for the Moulin watershed. In addition, differences between the model and trap measurements may also stem from (ii) the important interannual standard deviations of erosion rates at the Moulin basin ranging from 3·1 mm yr −1 for the dry period 1989-1991 to 6·6 mm yr −1 in 1994 as a result of an aboveaverage frequency of rainfalls with intensities >5 mm h −1 (Mathys, 2006) . Finally, part of the differences is certainly due to (iii) our linear regression model which reconstructs only 42% of erosion variability and underestimates erosion rates on the steepest slopes (>45°). Yet, the discrepancies of erosion variability between the local and catchment scales are smaller than those reported in previous studies using erosion pins and sedimentation dams (Sirvent et al. 1997, Marín and Desir, 2007) . In fact, the multi-decadal erosion rates obtained for both scales minimize the scale dependency related to the temporary storage of material on the slopes in the present study.
Conclusion
This paper describes a new approach for the mapping of erosion rates in marly badlands making use of data from exposed roots of Scots pine (Pinus sylvestris L.). The study was successful in demonstrating that the decrease of mean lumen area of earlywood tracheids is a response of the vascular system to increasing temperatures and drought stress which occur in the upper detrital loose layer and as soon as the root approaches the soil surface. At the plot scale, a comparison with data from several studies using denudation measurement devices -in particular stakes driven into the soil -demonstrates the reliability of erosion rates determined from anatomical changes in exposed roots at the decadal scale. A linear regression model using slope as an independent variable is able to predict 42% of erosion variability. When coupled to high-resolution slope maps derived from a LiDARgenerated DEM, this model data can be used to generate highresolution erosion maps for catchments affected by erosion. At the catchment scale, predicted mean erosion rates obtained from dendrogeomorphic and regression model data do not differ significantly from sediment yield measured in traps at the outlet of the basins.
The mapping of erosion rates for entire sub-catchments is very innovative and represents considerable progress in the field of erosion assessment. This approach could be replicated for the establishment of records in undocumented Mediterranean badland areas and more generally in regions of continuous erosion with distinct seasons where historical data are scarce or absent. It should be used for an accurate localization of the main sediment sources, an improved and sustainable location of storage lakes, and for an effective planning of rehabilitation measures.
